Background-Effective screening and prevention strategies for bladder cancer require accurate risk stratification models. We developed models to predict the risk of bladder cancer based on clinical and socio-demographic data on participants in the Prostate, Lung, Colon, Ovarian Cancer (PLCO) screening trial.
INTRODUCTION
In 2013, an estimated 73,510 Americans will be diagnosed with bladder cancer and 14,880 will die making it the 10th leading cause of cancer deaths in the United States (1, 2) . Approximately, 20-30% of bladder cancers are high-grade cancers and these account for nearly all cases of invasive disease and the vast majority of bladder cancer deaths. The mortality-to-incidence ratio for high-grade bladder cancer (HGBC) approaches that of lung cancer (0.25 and 0.5 deaths per new case, respectively) (1) . The survival of patients with metastatic and invasive bladder cancer has largely remained unchanged over the last 3 decades despite improvements in systemic and local therapy (3) . However, the outcomes of non-muscle-invasive HGBC are nowadays more favorable with either radical therapy or appropriate bladder preservation strategies utilizing transurethral resection and intravesical therapy. Early treatment or prevention of HGBC before the onset of invasive/metastatic disease has the potential to reduce the morbidity and mortality of bladder cancer.
The development of screening and chemoprevention strategies for bladder cancer is limited, in part, by its relatively low incidence in the general population. Several risk factors for bladder cancer have been identified, including cigarette smoking, exposure to arsenic, exposure to industrial chemicals, exposure to cyclophosphamide, pelvic radiation therapy, and chronic inflammatory conditions in the bladder (4) (5) (6) . The incorporation of these and other clinical and sociodemographic parameters into prediction models for bladder cancer and HGBC may assist in the identification of patient cohorts of sufficiently elevated risk suitable for enrollment in screening and/or chemoprevention trials.
We developed nomograms to predict the risk of all bladder cancer (ABC) and of high-grade bladder cancer (HGBC) based on readily available clinical and sociodemographic information. Such nomograms based on clinical and sociodemographic parameters would serve as base models with which to evaluate the empiric prognostic utility of new potential biomarkers of bladder cancer risk. For this purpose we used models to predict the incidence of bladder cancer fitted to data from the prospective cohort nested within the Prostate, Lung, Colorectal, and Ovarian Cancer (PLCO) screening trial. We used the HGBC risk model to design a hypothetical bladder cancer mortality screening trial that would enroll individuals at elevated risk of HGBC based upon assumptions of mortality benefit due to screening.
MATERIALS AND METHODS

Participants
The design of PLCO trial has been described previously (7) . Enrollment of 154,900 men and women aged 55 through 74 years without prior history of prostate, lung, colorectal or ovarian cancer was initiated in 1993 and completed in 2001 at 10 screening centers nationwide. Participants were followed until December 31 st 2008. Our study cohort consisted of 149,542 participants without a prior history of bladder cancer at randomization and with complete baseline information and non-missing data on the incidence of bladder cancer at end of follow-up. Each PLCO center obtained annual local institutional review board approval to conduct the study, and all participants provided written informed consent. The recruitment process targeted individuals from the general population residing in the catchment area of each center. The principal recruitment strategy was mass mailing. At study entry, participants completed a self-administered baseline questionnaire inquiring about demographic and social information, medical history, smoking history and past screenings. All incident cancers diagnosed and deaths on-study were ascertained primarily by means of a mailed annual study update questionnaire which asked about survival status and type and date of any cancers diagnosed in the prior year. Participants who did not return the questionnaire were contacted by repeat mailing or telephone. To enhance the completeness of end point verification, the active follow-up was supplemented by periodic linkage to the National Death index. Time on study was censored at a maximum follow-up of 13 years as a majority of participants had complete follow-up to 13 years by December 31 st , 2008. Staging and grading of bladder cancer was based on the American Joint Committee on Cancer classification.
Statistical Analysis
We computed incidence rates of ABC and of HGBC, by gender and according to smoking history. In our study, HGBC was defined as the presence of high-grade disease. Time on study was calculated as the time elapsed between completion of the baseline questionnaire and incident disease, death or end of follow-up. We modeled the incidence of ABC and the incidence of HGBC in two separate Cox proportional hazards regression analyses. Because we wanted to allow for the inclusion of effects nested within gender we incorporated gender-specific baseline hazards. Covariates analyzed in the model included well known risk factors: duration and intensity (usual packs per day) of smoking, age, race (white/black/ other), personal history of any cancer, family history of bladder, renal and other cancers. The use of gender specific baseline hazards allowed us to include gender specific variables as nested effects. In men: nocturia (times per night and age at first occurrence), BPH, prostatitis, history of prostate surgery, a history of syphilis, and a history of gonorrhea (8) ; and in women: gravity, use of birth control and use of hormone replacement therapy (HRT), due to the known the connection between female hormones and cancer. Models also included adjustment for educational level (high-school graduate, less than high-school, more than high-school), years since quitting smoking, number of co-morbidities (0, 1, > 1), use of aspirin and use of ibuprofen. The full model included up to cubic spline terms in each continuous covariate (age, BMI, smoking duration and years since quitting). Model selection for covariates to enter into the final model was done in a data-dependent manner in a single pass using a threshold p-value of 0.20. We computed concordance indices, corrected for internal validation bias, by first computing a fully internally validated model concordance using an identical validation set and training set, and then correcting the upward bias in measures of validity following the bootstrap procedure of Efron (9) . We constructed nomograms for 5 year incidence of ABC and of HGBC by gender by computing the predicted risk from the Cox regression models and then applying the bias correction factor.
Development of Hypothetical Bladder Cancer Mortality Screening Trial: Statistical Considerations
We used our validated model for risk of HGBC to design a hypothetical bladder cancer mortality prevention trial in the following way. The model would be used to identify individuals in a given upper percentile of HGBC risk for randomization into the trial. By selecting from among choices for risk threshold, statistical power, magnitude of expected benefit and duration of the trial, we devised a panel of prospective designs. For each set of choices, the expected number of HGBC deaths prevented was computed from the expected mortality benefit and the statistical power using information on post HGBC diagnostic 5 year survival. The latter was obtained from the Surveillance Epidemiology and End Results (SEER) database (a collaborative effort between associated US cancer registries, the National Center for Health Statistics and the National Cancer Institute) (10) . Based upon a stipulated acceptable number needed to screen (NNS=2000) to prevent one death, we calculated the minimum acceptable number of deaths prevented as the ratio of the number screened to the NNS. The difference between expected deaths prevented and minimum acceptable deaths prevented is called the "net benefit" (11) . The candidate designs were compared based upon net benefit and upon feasibility (size and duration of trial).
All statistical analyses were performed using R (version 2.14.0, 2011, R Development Core Team, Vienna Austria). All P values resulted from use of two-sided statistical tests.
RESULTS
Incidence of ABC and HGBC according to smoking intensity
The patient population had nearly equal numbers of males and females (73,562 and 75,980 respectively) and median age was 62 (IQR, 58-67). The population was predominantly Caucasian (88.4%). Nearly thirty percent of the population had no co-morbidities. Approximately half of individuals in the cohort had never smoked and one third had smoked 1 pack per day or less. Further detail on intensity and duration of smoking are described in Table 1 along with other relevant demographic information. Over a median follow-up of 12 years, incident bladder cancers were detected in 1,124 of 73,562 men (133.6 cases per 100,000 person-years) and in 259 of 75,980 women or 29.6 cases per 100,000 person-years. HGBC's were detected in 392 men or 46.6 cases per 100,000 person-years and in 72 women or 8.2 cases per 100,000 person-years (Table 2) . A 4 fold increase in the incidence of HGBC was observed between the highest category of smokers and never-smokers in men, whereas a 10 fold increase was observed between the same categories in women. The incidence of HGBC in men was 4-fold larger than that in women (Table 2B) .
Cox proportional Hazard Regression and nomogram predicting incidence of ABC and HGBC
Results of Cox proportional hazards regression models for incidence of ABC and for HGBC are listed in table 3. The reduced models for ABC and for HGBC incidence fit the data as well as the saturated models (likelihood ratio statistics, ABC, chi-squared=25.8, 30 df, p=0.683, HGBC, chi-squared=27.0, 30 df, p=0.624). The strongest risk factors for both ABC and for HGBC were age, (ABC, RR=1.06, p < 0.000001; HGBC, RR=1.072, p < 0.000001), smoking duration (ABC, RR=1.022, p < 0.000001; HGBC, RR=1.023, p < 0.00001), smoking intensity (ABC, RR=1.318, p < 0.000001; HGBC, RR=1.422, p=0.00014), African American race (ABC, RR=0.386, p=0.0000011; HGBC, RR=0.518, p=0.022), and former HRT (ABC, RR=1.495, p=0.017; HGBC, RR=2.299, p=0.0065). Factors that were statistically significant predictors of ABC incidence but not of HGBC incidence included other race (RR=0.576, p=0.0012), education beyond high-school versus high-school degree (RR=0.820, p=0.0023), no co-morbidities versus 2 or more (RR=0.871, p=0.05) and a history of syphilis in men (RR=1.896, p=0.014). The model for ABC incidence retained adjustment for missing smoking status, family history of bladder cancer, of renal cancer and of other cancers (versus no history), and randomization center. Factors that were statistically significant predictors of HGBC incidence but not of ABC incidence included family history of bladder cancer (RR=1.825, p=0.036), and occurrence of 4 or more episodes of nocturia per night in men versus none, (RR=2.052, p=0.008). The model for HGBC incidence retained adjustment for missing smoking status, education, history of syphilis in men and randomization center. Bias corrected concordance indices for the ABC and HGBC incidence models were 0.746 and 0.756, respectively. The upward biases were 0.00831 and 0.0211, respectively. The Efron bias correction procedure was checked against an external validation by conducting full model building and selection in a randomly selected 2/3 training set and then validating using the leftover 1/3 set. This more strict external validation procedure resulted in nearly identical estimates of upward bias (ABC 0.0111, HGBC 0.0278). Nomograms for prediction of the 5 year incidence of ABC stratified by gender are shown in figures (1a) (female) and (1b) (male). Corresponding nomograms stratified by gender for HGBC are shown in figures (2a) and (2b). Calibration plots corresponding to the underlying models for ABC and for HGBC are shown in figures (1c) and (2c), respectively.
Hypothetical Screening Bladder Cancer Trial considerations
To determine the feasibility of designing a bladder cancer mortality screening study using these models, we derived the risk threshold, size of risk-assessed cohort, size of resulting trial, expected deaths averted, minimum tolerable deaths averted and net benefit for a given set of design parameters, (power, relative risk, expected proportion of HGBC randomized, duration of trial and maximum tolerable number needed to screen to prevent 1 HGBC death). We filtered for designs with positive net benefit and trial size less than 110,000. These are displayed in table 4. Of the designs listed, the most favorable is the design shown in the fourth row from the bottom. This trial, of size 94,701, would recruit individuals in the upper 40 th percentile of HGBC risk from a source population of size 225,356 to include 80% of all HGBC incidence expected in the source population during the follow-up period. The trial would have 80% power to detect a relative risk of 0.65 with a probability type I error 0.05. This design is expected to prevent 37.6 deaths, a mortality that is 13.9 more (net benefit) than the ratio of number screened to the stipulated NNS to prevent one death. The incidence of HGBC overall is 27.0 cases per 100,000 person years, and the incidence of HGBC in the cohort identified at elevated risk is 51.5 cases per 100,000 person years so that the efficiency of the design is 1.9.
DISCUSSION
Despite a relatively short latency stage, approximately 30 % of patients with high-grade bladder cancer present with either muscle-invasive and/or metastatic disease at diagnosis. The ability of current therapies to achieve long-term disease control is limited (50-65% for the former and 5-10% for the latter) and have remained relatively unchanged over the last 3 decades despite improvements in local and systemic therapy. Screening tests such as dipstick urinalysis and/or urine-based markers may enable early diagnosis of bladder cancer at a stage where treatments can be more effective. However, available bladder cancer screening studies have been hampered by relatively low incidence of bladder cancer in the screened population, particularly cancers that pose a threat to the individual in terms of progression and mortality (12, 13) . Screening and chemo preventive strategies require the identification of cohorts at elevated bladder cancer risk appropriate for these interventions. To this end, we have developed and validated two prediction models using clinical and sociodemographic parameters from a large population-based prospective cohort nested within the PLCO screening trial to predict the risk of bladder cancer (and HGBC) within 5 years. Despite robust models to identify a high-risk cohort using clinical parameters, the sample size and follow-up required for screening trials based on several design assumptions are prohibitive.
Improvements in BC mortality could be achieved by screening and/or primary and secondary prevention strategies. Cigarette smoking was the strongest risk factor for incidence of BC in our models. Risk correlates well with the usual number of cigarettes smoked (3 fold increased risk among heavy smokers) and the duration of smoking but, unlike lung cancer or cardiovascular diseases, smoking cessation does not uniformly reduce the risk. A relative decrease in incidence is seen at 5 to 7 years after quitting smoking, but unfortunately, even after 10 years, the risk of being diagnosed with BC continues to be almost double that of individuals who never smoked (4). A previous meta-analysis (14) based on 11 case control studies from six European countries, established four fold increase risk of BC for smokers over a 40 year period. Investigators identified 15-20 cigarettes per day as threshold for increased risk of BC.
Most of our knowledge regarding BC screening is based on two studies of a urine-based chemical reagent strip test for the presence of hemoglobin (hematuria). Messing et al (12) screened 1,575 men aged 50 years and older with hematuria home testing, finding 21 ABC (1.3%), 9 HGBC and 1 invasive BC. A follow-up report compared HGBC incidence in their screening study with overall rates in a cancer registry and reported a lower proportion of invasive high-grade cancers in screened men (4.8%) than among men in the general population (23.9%; p=0.007). At 14 years follow-up, no men with screen-detected BC died of the disease, whereas 16.4% of men with BC in the general population had died of BC (p=0.025) (13) . During the same time period, other authors (15) tested urine from 2356 men and reported repeated hematuria in 474 men (20.1%) and diagnosis of BC in 17 men (0.7%). The false positive rate was 7% with a positive predictive value of 9%. At 7 years follow-up, no patients with low-grade BC died of the disease or from progression, although three of the nine patients with high-grade or invasive tumors died from BC (16) . These studies highlight the very low incidence of BC in the general population thus the difficulty of applying screening protocols to general population. Unfortunately, these studies were not controlled so that the reported benefit from screening could have been affected by confounding.
Recently, Vickers et al presented an analysis of the PLCO BC population with the intent to derive candidate screening trial designs based upon the identification of a high risk population. The authors of that report modeled the incidence of any BC and used the results of their analysis to design a hypothetical HGBC prevention trial which would randomize individuals at elevated predicted risk of any BC (11) . In our analysis, we used more complete follow-up and modeled the incidence of HGBC and used the results of our analysis to design a hypothetical BC mortality prevention trial which would randomize individuals at elevated predicted risk of HGBC.
At present, many urine molecular markers have been proposed to assist in BC screening. However, none of them seem sensitive enough to fulfill screening requirements. Mainly, NMP22 was shown to be elevated in a large cohort of patients at elevated risk for BC with a sensitivity, specificity and positive predictive value of 55.7%, 85.7% and 19.7%, respectively. Recently, a study was conducted on 1,303 patients at risk for BC undergoing cystoscopy, urine cytology and measurement of urinary NMP22 levels. In all, 72 patients (5.5%) were found to have BC. In multivariable prediction models, NMP22 improved the predictive accuracy (AUC 80.1%) of the base model by 8.2% and of the base model plus cytology by 4.2% (17) . To date, the best improvement in dipstick hematuria accuracy has been achieved with the addition of the biomarker NMP22 to predictive models. Our nomograms will be the baseline models by which the clinical utility of these and other biomarkers for screening will be evaluated.
The nomogram developed here has certain limitations. First, inherent in any predictive model is prediction error, the area under the receiver operating characteristics curve on the validation sample was 0.75. Second, PLCO participants may not represent the overall population since participants may have been subjected to additional diagnostic tests which may have increased BC incidence relative to that experienced in the general population. In order to test for possible confounding between screening related events and associations reported in our final models, we entered PLCO screening events into final ABC and HGBC models as time dependent covariates. The risk of incident ABC was increased by detection of prostate cancer (RR=1.32, p=0.015) and there was a borderline statistically significant effect due to detection of ovarian cancer (RR=1.34, p=0.063 ). The final model for ABC fit the data nearly as well as the model to which the PLCO event variables were added (likelihood ratio statistic: chi-squared=13.4, 10df, p-value=0.2015). This possible confounding appears to be less troublesome in the case of the HGBC model, for which the effect of detection of prostate cancer was effectively zero (RR=0.89, p=0.59) but the effect of detection of ovarian cancer remained borderline significant (RR=1.89, p=0.068). The final model for HGBC fit the data as well as the model to which the PLCO event variables were added (likelihood ratio statistic: chi-squared=8.92, 10df, p-value= 0.54). Despite this caveat, the present data and analysis should be considered a major advance in providing validated ABC and HGBC nomograms, especially in light of the difficulty in identification of a cohort at sufficiently elevated risk of BC for the purpose of screening/chemoprevention, as the impact of our cohort being nested in a screening trial appears to be small. In summary, the novelty of our study is that it is based upon a prospective cohort and includes baseline information for all patients as well as accurate follow-up to BC diagnosis. Thus it provides an invaluable tool that allows a clinician to determine individualized risk in order to determine which subpopulations would benefit the most from further screening. Nomograms predicting 5-year Incidence of ABC per 10,000 persons (A. Female, B. Male), and calibration plot for ABC model (C). Instructions for nomogram: Locate the patient's age on the respective axis. Draw a straight line down to the points axis to determine how many points towards disease incidence that the patient receives for his/her Age. Repeat this process for all other risk factors included in the nomogram. Sum the points and locate this value on the total points axis. Draw a straight line down to find the patient's 5-year probability of incident BC. Calibration plots: straight dashed line is the line of perfect prediction, points are observed model calibration points and jagged dashed lines are pointwise 95% confidence intervals. Table 4 Net benefit for various trial design scenarios, for power 80% or 90%, relative risk (RR) 0.60, 0.65 or 0.70, duration 10, 11, 12 or 13 years and threshhold risk set to a value so that the proportion of incident HGBC expected during follow-up that is included in the trial is 75%, 80%, 85% or 90%. Filtered on designs with positive net benefit and size of trial less than 110,000. 
